Abstract. We report a mitochondrial (mt) scoring system related to response to platinum treatment in ovarian cancer (Oc). ultra-thin sections of surgical specimens of primary tumors prepared from 41 Oc patients were examined by electron microscopy. the ovarian carcinoma cell line 2008 and its platinum-resistant variant c13 were used as controls. Seven independent mt features, including mt diameter, pattern of cresta structure, electron density, mt distribution, pattern of distribution, ovoid ratio and mt architecture, were examined. Each of the seven parameters was assigned a point score of 0-2 and was summed up with a total score of 14. clinical response and in vitro sensitivity to platinum, taxane, irinotecan and doxorubicin were evaluated. clinical information was available for 37 of the 41 cases. twenty-four cases were stage iii and, histologically, 16 serous, 6 endometrioid and 6 clear cell carcinoma were included. all of the patients underwent surgery followed by 6 cycles of taxane and platinum chemotherapy. Fifteen patients exhibited a response, while 22 were resistant to treatment. the total mt score was 5.13±1.13 (mean ± SE) in the 15 responsive cases and 11.41±0.43 in the 22 resistant cases (p<0.001). receptor operative characteristic (rOc) analysis revealed that the resistant total 'cut-off' score was ≥10 points (P<0.05; AUC=0.86) with 95.5% sensitivity and 80.0% specificity. The MT scoring system correlated well with response to drugs, with the exception of doxorubicin. the progression-free survival (pFS) curves showed an absolute difference in the 6-month PFS of 10% (83 vs. 73%) and in the 12-month PFS of 21% (80 vs. 59%), in favor of patients with low mt scores. this mt scoring system correlates very closely with clinical response as well as cellular sensitivity to chemotherapy, resulting in an association with pFS.
Introduction
platinum and taxane are used as two key drugs for the gold standard regimen in ovarian cancer (Oc) treatment, although recent innovative treatment strategies have achieved more successful results using an intraperitoneal approach (1) or the dose-dense principle (2) . however, platinum resistance remains a major obstacle in cancer therapy. clinical trials are aimed at circumventing patient relapse within 6 or 12 months after first-line chemotherapy, and new trials are underway to deal with drug resistant Oc, including clear-cell and mucinous carcinomas. recently, we reported that mitochondrial (mt) ultrastructural morphology closely correlates with platinum response in Oc (3) . We also reported that mitochondria play an important role in platinum sensitivity, as mt-dna is involved in platinum cell cytotoxicity (4) . Furthermore, it has been shown that the stimulation of mt cytochrome c release results in the enhancement of platinum sensitivity in ovarian carcinoma cells (5) . Finally, several studies have shown a direct drug action on mitochondria, inducing the loss of membrane potential and the release of apoptogenic proteins from isolated mitochondria (6, 7) .
taxanes are important drugs commonly used to treat Oc. taxane resistance is hard to evaluate in the clinical setting, unlike platinum resistance as determined by GOG criteria, which defines clinical resistance as patient relapse within 6 months of previous platinum chemotherapy. however, basic or translational research studies have addressed the mt-associated mechanisms of paclitaxel resistance, including the association of the Bcl-2 molecule to drug-induced apoptosis (8, 9) , paclitaxel-induced MT functional abnormality (10) , microtubule stabilization associated with mt aggregation (11) and caspase activation of mitrochondria upstream (12) . Other investigators have shown mt-dependent apoptosis induced by paclitaxel, etoposide and uV-irradiation (13). cell cytotoxicity of irinotecan and 5-fluorouracil has also been reported to be related to mt membrane potential (14) . these findings indicate that most chemotherapeutic drugs used for OC treatment affect the MT-associated apoptotic cascade; therefore, mitochondria may play a central role in sensitivity to these drugs. among all Ocs, serous adenocarcinoma is considered to be the most sensitive to standard chemotherapeutic regimens, while other types are less sensitive. Silverberg reported the prognostic significance of a histopathologic grading system of epithelial Oc, emphasizing that histopathologic typing is less valuable than grading in predicting survival, but better at predicting tumor responsiveness to chemotherapy agents (15) . malpica et al reported that a two-tier system for grading ovarian serous carcinoma based on nuclear atypia (uniformity vs. pleomorphism) correlated well with the prognosis of survival (16, 17) . the pathological features of ovarian cancer following chemotherapy have been detailed previously (18) .
We recently developed a scoring system of mt morphological findings to determine its potential correlation with responsiveness to chemotherapy, and the application of this system to a series of cases treated in a uniform manner in our institution was analyzed (3) . in this study, this scoring system was extended to investigate whether it can be applied to sensitivity to various drugs, histologic type and patient prognosis.
Materials and methods
Patients. the study group comprised 41 women with advanced stage or recurrent Oc who had been treated with primary surgery followed by taxane plus platinum-based chemotherapy at the department of Obstetrics and Gynecology of jikei university School of medicine, japan, between january 2001 and december 2006. patients were enrolled in the study after providing informed consent. the study protocol and all accompanying forms and surveys were reviewed and approved by the institutional review board.
Histologic diagnosis. tumor stage and histologic subtype were determined according to FiGO and WhO guidelines, respectively. all available histological sections were reviewed by two expert pathologists involved in the study. the Gynecologic Oncology Group (GOG) grading system (19) was used in this study.
Clinical evaluation. clinical examination, serum ca125 assay, chest x-ray, abdominal-pelvic ultrasound and computed tomography scan (ct) were routinely used to evaluate clinical response. additional investigations were performed when appropriate. response was characterized according to the response Evaluation criteria in Solid tumors (rEciSt) (20) . When no measurable tumor was observed, ca125 response criteria (Gynecologic Cancer Intergroup-Modified Rusting definition) (21) were used. Serum CA125 values were measured immediately before and after chemotherapy.
In vitro drug sensitivity assay. When the appropriate number of viable cells was available from the tumor mass, continuous oxygen consumption (slope of dissolved oxygen; SDO) was monitored with a dissolved oxygen meter. When cells are sensitive to anticancer agents, the number of viable cells decreases in association with the decreased amount of total cellular oxygen consumption. the amount of oxygen consumption correlates with cellular drug sensitivity, and it is a rapid method for assessing chemosensitivity (22, 23) . the ovarian carcinoma cell line 2008 and its platinum-resistant variant c13 were used as controls. the human cell line 2008 was established from a patient with a serous cystadenocarcinoma of the ovary (24) , and a resistant subline c13 was obtained by 13 monthly selections with cisplatin followed by chronic exposure to cisplatin (25) .
Electron microscopy. the method of electron microscopy is described in detail in our previous report (3) . Briefly, for electron microscopic analysis, cells or samples were fixed in situ with 2.0% glutalaldehyde. After washing, cells were fixed for 1 h at 4˚C in 1% OsO 4 . Samples were dehydrated in graded concentrations of ethanol and embedded in Epon 812 epoxy resin. after polymerization, ultra-thin sections were cut parallel to the block surface using a reichert Oum4 ultramicrotome, stained with uranyl acetate and lead citrate and then examined using a jEOl-1200Ex electron microscope at 60 kV acceleration voltage at a magnification of x1,000, x1,200 and x2,500.
By careful examination and comparison of mitochondria in typical platinum-sensitive and -resistant Oc cells, we evaluated ~50 mitochondria and focused on seven independent parameters depicting the most prominent differences between these two representative types of cells: i) mt size (longest diameter: <0.7 µm, 0.7-0.8, >0. i) . Each of these evaluated parameters was assigned a point score of 0-2, with the exception of mt architecture, which was scored as 0 or 2. the different features were then summed up for a possible total score of 14. the 2008 and c13 cell lines served as examples of typical electron microscopy of drug-sensitive and -resistant cell mitochondria, respectively. in our previous report, the electron density and the mt distribution pattern were selected for the final scoring system based on an epithelial Oc (3). however, in this study, non-epithelial ovarian tumors comprised ~25% of the study population, and the MT scoring was performed using the full set of seven parameters.
Statistical analysis. differences between samples or groups of samples were determined by the Student's t-test using two-sided p-values. multiple logistic regression was carried out to investigate the relationship between drug response and the above seven features. clinical response and in vitro sensitivity analysis were compared to the results of the Fisher's exact test. receiver operator characteristic (rOc) analysis was performed to establish whether an optimal 'cut-off' point could be determined for the mt scoring system and subsequent drug sensitivity. progression-free survival (pFS) was calculated from the date of surgery to the date of recurrence as determined by ct or mri scan. One case with an independent increase of ca125 without detectable tumor was excluded. Kaplan-meier estimates were used to construct the survival curves (26) .
Results
Patient and tumor characteristics. patient demographics are summarized in Τable ΙΙ. The median age of the patients was 51 years (range 24-71). According to the FIGO classification, 4 patients had stage i tumors, 2 had stage ii, 24 had stage iii and 5 had stage iV tumors. in 6 patients, only a recurrent tumor was available for review.
patients with stage i did not receive chemotherapy, and the remaining 37 cases were analyzed for response to chemo- therapy. For the recurrent cases, platinum-resistant disease was defined as progression either during therapy or within 6 months of completing therapy with platinum or platinumcontaining chemotherapy. in this study, all recurrent cases had a pFS time of >6 months, indicating that they were all platinum-sensitive. Histologically, 19 carcinomas were serous and 6 were endometrioid and clear-cell, respectively. two were undifferentiated, 1 was mucinous and 1 was unclassified adenocarcinoma. The remaining 9 were other ovarian tumors, including sarcoma, small-cell carcinoma and other rare tumors. Since grading is important for serous and endometrioid carcinoma, these tumors were graded, resulting in a grade of G1 in 5 patients, G2 in 6 and G3 in 5 cases. after surgery, 28 patients had residual disease ≤1 cm and 13 patients had larger residual tumors. chemotherapy response was not related to the stage, histology, grade, tumor size or residual lesion.
Scoring system for mitochondrial ultrastructure. Seven features were analyzed and scored independently in our grading system. Of the 37 patients receiving post-operative chemotherapy, 15 achieved a response, while 22 were resistant to treatment. the total mt score was 5.13±1.13 (mean ± SE) in the 15 responsive cases and 11.41±0.43 in the 22 resistant cases (p<0.001). as shown in Fig. 1 , rOc analysis revealed that the resistant total 'cut-off' score was ≥10 points (P<0.05; AUC=0.86) with 95.5% sensitivity, 80.0% specificity and 89.2% positive predictive value. Table III lists MT scores for different drugs related to sensitivity. this was highly associated with cellular drug sensitivity, with the exception of doxorubicin. the total scores were in the range of 4-6 in the groups sensitive to platinum, taxane and irinotecan, while they were 10-12 in the resistant groups. rOc analysis revealed that the resistant 'cut-off' scores for platinum, taxane and irinotecan were ≥11, 5 and 10 points, respectively.
Based on the above ROC analysis, patients were classified into two groups: patients with low scores (<10 points; n=16) or patients with high scores (≥10 points; n=25) (Table II) . most patients in the low-score group corresponded to chemotherapy responders, while patients in the high-score group were from the non-responder group. the distribution, stage and histology were mostly well-balanced between these two groups. the most prognostically relevant clinical features are shown in table ii, including maximum tumor size and the presence of residual disease prior to chemotherapy. Fig. 3 shows the Kaplan-meier pFS estimates by mt Score. during the median follow-up of 23 months, 11 patients relapsed. the pFS curves show a difference in favor of the low-score group of patients compared to the high-score group (risk ratio 3.99, P=0.045), corresponding to an absolute difference in the 6-month PFS of 10% (83 vs. 73%) and in the 12-month PFS of 21% (80 vs. 59%).
Discussion
two recent randomized phase iii trials demonstrated that intraperitoneal (1) or weekly dose-dense (2) chemotherapy with carboplatin and paclitaxel resulted in a more favorable survival than standard chemotherapy for Oc patients. however, it is not clear whether these two strategies circumvent drug resistance. For the rare type of platinum-resistant Oc, such as clear-cell carcinoma or mucinous adenocarcinoma, worldwide clinical trials using combinations other than the platinum/ taxane combination are currently underway. drug sensitivity (27) or resistance (28) screening prior to chemotherapy may be useful tools when the system relates to the clinical response or prognosis of the patients. an extreme drug-resistant (Edr) test could avoid drug toxicity and the subsequent cost of treatment of patients with highly drug-resistant tumors. Edr tests involve the limited outcome of the elimination of chemotherapy in a resistant tumor (28, 29) . These tests may correlate Response to taxane/platinum combination chemotherapy. CI, confidence interval. Figure 1 . receiver operator characteristic (rOc) analysis was performed to determine the optimal 'cut-off' score of ≥10 as resistant with sensitivity of 95.5% and specificity of 89.2%. strongly to our mt scoring system as this assay is not associated with cell survival, but rather measures cellular metabolic activity monitored by mt status. in our previous report, the electron density and mt distribution pattern were selected for the final scoring system based on the platinum sensitivity of epithelial OC (3). However, the present study consisted of 9 non-epithelial ovarian tumors comprising 25% of the study population, and the scoring system was also applied to nonplatinum agents. mt scoring was performed using the full set of seven parameters. here, we report that our mt scoring system is strongly associated with the clinical response to platinum/taxane and is a good predictor of patient response to chemotherapy. however, several issues require discussion.
First of all, the pathologic grading system has been shown to correlate with the survival prognosis in ovarian serous adenocarcinoma (15) (16) (17) , while histologic type is a good predictor of cellular sensitivity to chemotherapeutic drugs. Our study patients had various types of tumors, including clear-cell carcinoma, mucinous adenocarcinoma, sarcoma and other rare tumors. mitochondria are cellular ubiquitous organelles and are indispensable organs of the cell involved in controlling respiratory or metabolic functions in tumors of any histologic type or grading. notably, mt change correlates well with drug sensitivity and with patient survival regardless of the histologic type or grading system. this clearly indicates that the mt scoring system has a clinical advantage over the latter two systems.
Second, the mt scoring system was originally developed on the basis of mt changes in platinum-resistant cells (4) . notably, the system can be applied to taxane-and irinotecanresistant cells, suggesting that mt-impaired cells are resistant to most of the drugs among the standard battery of agents usually selected for the treatment of Oc.
This finding is supported by the fact that, in the clinic, platinum-resistant patients are usually resistant to most other chemotherapeutic regimens, including topotecan (30), gemcitabine (31) and weekly taxol (32) , as the series of GOG126 trials demonstrated. Our data suggest that a high mt score is a common morphological feature for drug resistance, at least to platinum, taxane and irinotecan. mitochondria are involved in the mechanism of resistance for the above three drugs. notably, the resistant 'cut-off' scores for platinum, taxane and irinotecan vary for each drug, suggesting that mitochondria are differentially involved in the mechanism of resistance, although it is not clear how the mt morphological changes relate to its function.
third, 4 out of 6 recurrent cases showed high mt scores, although more than 6 months had elapsed since the last dose of chemotherapy, suggesting that these cases may have exhibited intrinsic resistance rather than acquired resistance. unfortunately, the cases did not have any measurable disease at the time of previous chemotherapy, and the response was not evaluated.
Finally, the relevant outcome was based on whether chemotherapy actually resulted in improved survival for the patients in the low-MT score cohort. The data showed significant difference in the 6-month and 1-year pFS. in particular, regarding the 1-year pFS, more than half the patients in the high-score cohort relapsed compared to 20% in the low-score cohort. This result was consistent with the GOG resistance criteria, defining patient relapse within 6-12 months after the last chemotherapy as a platinum-resistant case. however, there are several other issues to be considered. the mt score highly depends on the condition of the sampled tumor cells. uncontrollable factors, such as the vascularity of a tumor or the amount of necrosis, limit the extrapolation of the mt scoring system to the clinical results. data incorporating these factors are not available, while these applications must be considered as speculative at this time. Although the MT scoring system has significant predictive value, any potential role for mt scoring would also vary according to tumor type, the goal of the chemotherapy (adjuvant vs. neoadjuvant or salvage) and the roster of available chemotherapies to choose from. the number of cases in our study was small. carefully designed prospective studies with a larger sample and with clinical follow-up are required to further investigate the clinical relevance of this mt scoring system. however, the data presented here provide evidence that the system is of considerable value as a biomarker for chemosensitivity in Oc.
in conclusion, this study showed that the mt scoring system is closely correlated with clinical response as well as cellular sensitivity to platinum, taxane and irinotecan, resulting in the association with pFS.
